knockout mice to investigate whether Bcl-2 plays a role 1993; Young and Korsmeyer, 1993) , the integrity of this region was preserved in the targeted allele. The strategy during the period of naturally occurring cell death (NOCD) or in the development of trophic factor indepenfor disrupting the bcl-2 gene is detailed in Experimental Procedures and in Figure 1 . We used two independently dence in mature sympathetic neurons. Freshly dissociated sympathetic neurons from Bcl-2-deficient animals targeted embryonic stem (ES) cell clones to generate homozygous bcl-2 Ϫ/Ϫ mice that exhibited the same phedied more rapidly than wild-type cultures when deprived of NGF, whereas in cultures previously maintained in the notype. Western blot analysis, using equal amounts of hippocampal protein extracts from all genotypes with a presence of NGF for 3 weeks, there was no difference between the effect of NGF deprivation in wild-type and peptide antibody against Bcl-2, confirmed the absence of bcl-2 expression in the bcl-2 Ϫ/Ϫ mice, and demonhomozygous or heterozygous bcl-2 mutant mice. From these in vitro observations, it was concluded that Bcl-2 strated a gene-dosage effect of reduced protein levels in heterozygous animals ( Figure 1C ). The phenotype of is an important regulator of the survival of sympathetic neurons after NGF deprivation during the period of the bcl-2 Ϫ/Ϫ mice was essentially the same as described previously by Veis et al. (1993) and Nakayama et al. NOCD, but it is not involved in the development of trophic factor independence in mature sympathetic neu-(1994), with a similar effect upon body mass but with a slightly prolonged lifespan (see Experimental Procerons. Nevertheless, it remains to be established whether these in vitro observations reflect the role played by dures). The only notable difference was a less severe polycystic malformation of the kidneys of our bcl-2
Bcl-2 in vivo in regulating the survival of not only sympathetic but also other types of neurons of the developing animals. Analysis of clinical parameters of kidney function showed no difference in the relative levels of the and mature central and peripheral nervous system, or whether Bcl-2 is a permissive factor for the protective electrolytes potassium, sodium, calcium, phosphorus, and magnesium in 10 week-old bcl-2 Ϫ/Ϫ mice (n ϭ 4) action of specific neurotrophic factors under pathophysiological conditions, as after axotomy of motoneurons compared with wild-type littermates (n ϭ 16). Serum creatinine and blood urea nitrogen levels were lower in newborn mice.
To approach these unresolved issues, we produced than those reported by Veis et al. (1993) , exhibiting only a small (1.7-fold) increase in serum creatinine levels transgenic mice carrying a disrupted bcl-2 locus by replacement with the Escherichia coli lacZ reporter gene.
(mean Ϯ SEM: 0.38 Ϯ 0.11 mg/dl, n ϭ 4, versus 0.22 Ϯ 0.03 mg/dl, n ϭ 14 in wild-type mice, p > 0.05) and a We examined the well-characterized protective effects of brain-derived neurotrophic factor (BDNF) and CNTF moderate (2-fold) increase in blood urea nitrogen levels (mean Ϯ , 1993; 1995) , it is particularly interesting that not only CNTF, but also BDNF, is capable of preal., 1990, 1992a; Dubois-Dauphin et al., 1994), more than 90% of the cell bodies ipsilateral to the transected facial venting the death of axotomized mouse motoneurons in the absence of Bcl-2. nerve were lost in the cytochrome C-treated wild-type ( Figure 2A ) and bcl-2 Ϫ/Ϫ mice ( Figure 2B ; Table 1 ). The few remaining motor neurons showed severe signs of Progressive Degeneration of Facial Motoneurons in the Course of Early Postnatal Development atrophy, exhibiting displaced nuclei and pronounced chromatolysis. Application of BDNF to the proximal To our surprise, in early postnatal (P9) bcl-2 Ϫ/Ϫ animals used in the experiments described above, motoneurons stump of the lesioned nerve increased the survival of motoneurons both in wild-type and bcl-2 Ϫ/Ϫ mice (Table  situated predominantly in the lateral part of the facial nucleus appeared shrunken, suggestive of an ongoing 1). One week after lesion, 54% and 40% of motoneurons survived in wild-type and bcl-2 Ϫ/Ϫ mice, respectively. degenerative process ( Figure 2D) . Indeed, the number of facial motoneurons on the unlesioned side of P9 bclThere was no statistically significant difference between the effect of BDNF in wild-type and bcl-2 Ϫ/Ϫ animals. In 2 Ϫ/Ϫ mice amounted only to 71% of the number present in wild-type animals (p<0.05) ( Table 2) . At P28 and P44, addition to a protective effect of BDNF upon neuronal number, surviving facial motoneurons also showed the number of motoneurons in the facial nuclei of bcl-2 Ϫ/Ϫ animals was 68% and 67%, respectively, of the markedly less evidence of atrophic changes in BDNFtreated wild-type and bcl-2 Ϫ/Ϫ animals (data not shown). neurons present in age-matched controls (p<0.05, p<0.001) ( Table 2 ), indicating that the process of motoThus, in the absence of Bcl-2, local application of recombinant BDNF prevented the lesion-induced death of faneuron degeneration was already over at the age of P9. In the mouse facial nucleus, NOCD takes place precial motoneurons, demonstrating that Bcl-2 is not a permissive factor for the action of BDNF on neuronal dominantly during the last 4 days of embryonic development, with a residual amount of neuronal death still survival in this system. We have also investigated the effect of CNTF on the survival of lesioned facial motooccuring over the next 3 days following birth (Ashwell and Watson, 1983). Therefore, it was interesting to know neurons in the same lesion model, in bcl-2 Ϫ/Ϫ mice. As for BDNF, application of CNTF (2.5 mg) prevented the whether the neuronal cell loss in bcl-2 Ϫ/Ϫ mice occured during, or even before, the main period of physiological loss of axotomized motoneurons to a similar extent in both wild-type and homozygous mutant mice (Table 1) .
Farlie et al., 1995). It is also well established that neurotrophic molecules like BDNF and CNTF protect motoneurons from axotomy-induced degeneration in the
cell death. For this purpose, we compared the number physiological cell death was not enhanced beyond its normal level, since no significant loss of neurons was A small but not statistically significant difference was observed between the number of facial motoneurons detected at P3. The above findings demonstrate that the absence of present in each genotype at both E16.5 and P3 (Table  2 ). In bcl-2 Ϫ/Ϫ mice, 94% of the number of facial motothe Bcl-2 does not significantly influence the development of motoneurons before or during the main period neurons counted in wild-type animals were present at E16.5 and 85% at P3. The fact that at E16.5 there was of physiological cell death. Rather, Bcl-2 exerts its influence beyond this period, subsequent to the phase where no difference in neuronal number indicated that the increased motoneuron cell death in bcl-2 Ϫ/Ϫ mice did not the majority of neuronal loss normally takes place. A unilateral transection of the facial nerve on the right side was made in 2 day-old wild-type and bcl-2 Ϫ/Ϫ animals, and BDNF, CNTF, or cytochrome C was applied as described previously (Sendtner et al., 1992a (Sendtner et al., , 1992b . Seven days later, the animals were perfused and motoneurons with apparent nucleoli were counted on serial 7 m paraffin embedded sections of the brainstem stained with cresyl violet. Values shown are the mean Ϯ SEM of motoneurons counted in the lesioned side compared to the mean Ϯ SEM of motoneurons present in the facial nucleus of the unlesioned contralateral side. The percentage (%) of the survival of motoneurons in the lesioned compared to the unlesioned side Ϯ SEM is also shown. The statistical significance of the difference between the motoneurons rescued by BDNF or CNTF in bcl-2 Ϫ/Ϫ versus wildtype animals was assessed by Student's t-test. † p Ͼ 0.05, not significant Therefore, we investigated whether, in analogy to our findings in motoneurons, bcl-2 elimination also resulted (Crews and Wigston, 1990). Therefore, we considered 2 weeks postaxotomy as an appropriate timepoint for in increased degeneration of sensory and sympathetic neurons. examining whether motoneurons in bcl-2 Ϫ/Ϫ mice are less resistant to axotomy compared to wild-type mice, We analyzed the third lumbar (L3) DRGs from P3, P9, and P44 mice (Table 4 ). The number of neurons in bclalso taking into account that bcl-2 Ϫ/Ϫ mice have a limited lifespan and there is an increased frequency of mortality 2 Ϫ/Ϫ mice at P3 was not significantly reduced (95% of the number present in wild-type mice). However, there after the analyzed age (P44). For this purpose, the facial nerve was unilaterally transected in 28 day-old animals, was a progressive decrease in the neurons present in the DRG of bcl-2 Ϫ/Ϫ animals, amounting to 90% of the and 16 days later, the number of facial motoneurons was determined. The lesion at this age resulted in the wild type at P9 (p<0.005) and 56% at P44 (p<0.001) ( Table 4) . Whilst the remaining sensory neurons in the same proportion of motoneuron degeneration in both mutant and wild-type animals (Table 3) . Thus, the abganglia of mutant mice appeared morphologically normal, we determined the soma size of 1000 neurons (L3, sence of Bcl-2 does not render motoneurons more vulnerable to injury at this age. DRG) from bcl-2 Ϫ/Ϫ and wild-type mice at P44 to examine whether a specific population of sensory neurons is prefpresent in wild-type mice). However, a substantial decrease of sympathetic neurons was detected in the SCG erentially lost. The histogram in Figure 5 indicates that although both small and large subpopulations of DRG of bcl-2 Ϫ/Ϫ animals at P10, amounting to 60% of the wild type (p<0.005) and 58% at P44 (p<0.05) ( Table 5 ). The neurons were reduced in bcl-2 Ϫ/Ϫ animals, the subpopulation of large sensory neurons was more severely afremaining sympathetic neurons in the SCG of bcl-2 Ϫ/Ϫ animals showed no evidence of degenerative changes. fected. Neurons smaller than 500 m 2 were reduced by 34%, whereas larger neurons were reduced by 73%. Sections of DRGs from adult bcl-2 ϩ/Ϫ animals Discussion (1-2 months old, n ϭ 3) were histochemically stained with X-Gal and subsequently immunohistochemically
Bcl-2 Is Highly Expressed in Neonatal Facial
The presence of the Bcl-2 protein in the mammalian nervous system during the period of NOCD and its mainstained for Neurofilament-Heavy chain (NF-H), which identifies predominantly large DRG neurons, and for BSI tenance beyond this period (Abe-Dohmae et al., 1993; Merry et al., 1994) is consistent with an essential role lectin and Substance P (SP), which stain distinct populations of small DRG neurons (Lawson, 1992 ; Silos-Santiplayed by Bcl-2 in the control of neuronal survival. To investigate this role, we generated mice carrying a null ago et al., 1995). Intense ␤-galactosidase activity was revealed in many NF-H-positive neurons (Figures 6A and mutation of the Bcl-2 gene by simultaneous replacement with the lacZ gene. We focused our attention upon three 6B) but not in the SP-or BSI lectin-positive neurons ( Figures 6C and 6D ). This observation is consistent with well-defined and representative regions of the central and peripheral nervous systems, the motoneurons of the more pronounced reduction of the number of large sensory neurons, as demonstrated by the size distributhe facial nucleus, the sensory neurons of the dorsal root ganglia, and the sympathetic neurons of the superior tion histogram. Taken together with the results on facial motoneurons, the above findings indicate that neurons cervical ganglion. We have determined the number of these neurons at distinct developmental stages to evalunormally expressing higher levels of Bcl-2 protein tend to be preferentially eliminated in the bcl-2 Ϫ/Ϫ mice. ate potential neuronal deficits due to the absence of Bcl-2. We have also investigated axotomy-induced deWe next examined sympathetic neurons of SCG to determine whether Bcl-2 is also critical for the postnatal generation of motoneurons at different developmental periods, as well as the ability of neurotrophic factors, maintenance of this population of neurons. As shown in Table 5 , the number of SCG neurons was not signifinamely BDNF and CNTF, to suppress neuronal cell death in the absence of Bcl-2, using a well-established cantly reduced in bcl-2 Ϫ/Ϫ mice at P3 (87% of the number reflect the interchangeability of these different mechanisms. However, they permit only limited conclusions However, different mechanism(s) that require the presence of Bcl-2 seem to come into play subsequent to to be drawn about the relative importance of the different M. and J. D. C., unpublished data). Cysts begin to form after the second postnatal week and increase in number In SCG neurons, the precise period of NOCD that has been determined in rats but not in mice occurs between and volume during the lifetime of these animals. These morphological changes are accompanied by deteriora-P3 and P7 (Wright et al., 1983) . Although no significant reduction in the number of sympathetic neurons in bcltion of renal function. Thus, if the neuronal deficits were causally related to renal impairment, one might expect 2 Ϫ/Ϫ mice was observed at P3 a substantial loss of neurons became apparent on postnatal day 10 (Table 5) . It a progressive degeneration of neurons correlated temporally with deteriorating renal function. This is clearly seems that, as for motoneurons and sensory neurons, degeneration of sympathetic neurons occurs predominot the case. Moreover, the observation that specific subpopulations of neurons degenerate does not favor nantly immediately after the period of NOCD, although the period of NOCD in the murine sympathetic system a nonspecific neuronal toxicity resulting from impairment of renal function. Third, a recent study in which is not as clearly determined as it is for the facial nucleus. Nevertheless, our in vivo observations suggest a crucial sympathetic neurons from bcl-2 Ϫ/Ϫ mice were examined in vitro further refutes the possibility that the renal imrole for Bcl-2 in mediating the survival of sympathetic neurons during the early postnatal period. pairment may be responsible for the neuronal degeneration observed in these mice. In the study of Greenlund As shown recently, sympathetic neurons from newborn bcl-2 Ϫ/Ϫ mice, following maintenance in culture for et al. (1995), SCGs were removed from bcl-2 Ϫ/Ϫ mice and wild-type littermates at P1 or P2, individually disso-7 days in the presence of NGF, die more rapidly after NGF deprivation than neurons from wild type littermates ciated, and then maintained in culture for 1 week in the presence of NGF. Although there was no difference in (Greenlund et al., 1995) . Importantly, this study also reported that a statistically significant proportion of symthe number of neurons recovered from either genotype at the time of dissociation, after 1 week the neuronal pathetic neurons from bcl-2 Ϫ/Ϫ mice degenerate even in the presence of supramaximal concentrations (50 ng/ cultures from bcl-2 Ϫ/Ϫ mice contained significantly fewer neurons than cultures from wild-type littermates. Thus, a ml) of NGF after 1 week in culture. Unfortunately, since no detailed quantitative data was provided, it is difficult substantial proportion of neonatal sympathetic neurons lacking Bcl-2 degenerate when brought in culture, with to directly compare these in vitro observations with our in vivo findings of a substantial loss of more than 40% a similar timecourse as observed in our in vivo experiments, even when removed from any potentially harmful of sympathetic neurons by P10 in bcl-2 Ϫ/Ϫ mice. Nevertheless, it seems to be clear that in bcl-2 Ϫ/Ϫ mice, there internal milieu resulting from renal impairment or other systemic abnormalities. is a loss of sympathetic neurons in the early postnatal period that cannot be prevented by supramaximal conIn addition to renal dysfunction, abnormalities like lymphoid hypoplasia or the smaller body size of bcl-2 Ϫ/Ϫ centrations of NGF and accordingly, goes far beyond the extent of neuronal loss in NOCD that is determined mice might be considered to be partially responsible for the neuronal degeneration. In addition to the findings by the limited quantitites of NGF in the target area of sympathetic neurons (Barde, 1989 Amersham, according to the instructions of the manufacturer.
Facial Nerve Lesion and Examination of Motoneurons Electroporation and Selection of ES Cells
The D3 ES cells (Doetschman et al., 1985) were maintained continuTransection of the facial nerve was performed as previously described (Sendtner et al., 1990 (Sendtner et al., , 1992a ) both in newborn (P2) and adult ously on a feeder layer of primary embryonic fibroblasts in Dulbecco's modified Eagle's medium (DMEM) containing 15% heat-inacti-(P28) mice. Briefly, newborn mice were anesthesized by hypothermia and the right facial nerve cut ‫1ف‬ mm distal to the stylomastoid vated fetal calf serum (FCS) and 60% Buffalo rat liver cell conditioned medium in a 37ЊC, 10% CO 2-humidified incubator. ES foramen. Gel foam (Spongostan) was cut into small pieces (1 mm long) and soaked in PBS buffer (5 l) containing 5 g recombinant cells (10 6 ) in 800 l of medium ϩ NaCl containing 6 g of linearized targeting vector were electroporated at 230 V with a 500 F capacimouse BDNF (Regeneron) or 2.5 g recombinant human CNTF (Sciatin, a gift of Len Schleiffer, Regeneron) and placed at the lesion site. tance in a 0.4 cm wide cuvette (Bio-Rad Gene Pulser). After 5 min, the cells were equally distributed on 4 plates. After 48 hr, G418 was Control animals were treated with gel foam soaked in PBS buffer (5 l) containing 5 g cytochrome C (Sigma). After surgery, the added to two of the plates at 380 g/ml ϩ 2 m Gancyclovir, both for 11 days. As comparison, the other two plates were selected over wound was sutured with silk (Ethicon 3-0) and the animals returned to their mother. Lesion of the right facial nerve was detected in the with G418 alone. The double selection protocol resulted in a 3-to 6-fold enrichment over G418 alone. After selection, 47 G418 r and animals by lack of movement of the right whisker and the right corner of the mouth, postoperatively. On postnatal day 9, animals Ganc r double-drug resistant colonies were picked for expansion, freezing, and isolation of high molecular weight genomic DNA.
were terminally anesthesized with ether and transcardially perfused with 4% paraformaldehyde. The brainstem was dissected, postfixed against Substance P or Neurofilament-H (Affiniti, 1:2000), or incubated with biotin-labeled lectin Bandeiraea simplicifolia (BS-I) overnight, rinsed in water, dehydrated with increasing concentrations of ethanol (70%-100%) and embedded in paraffin. Serial 7 (Sigma, 10 mg/ml). Subsequently, sections were incubated with Fluorescein-conjugated swine anti-rabbit IgG (DAKO, 1:50) or m sections were made throughout rostral-caudal extent of the brainstem. After Nissl staining the motoneurons of both facial nuclei Texas-Red-conjugated streptavidin (Amersham, 1:40), and observed by fluoresence and light microscopy. were clearly detectable. Counts of the number of motoneurons were made in every fifth section. In each case, only neurons which contained a clearly identifiable nucleolus were counted. Histochemistry In P28 animals, transection of the facial nerve was performed
The widespread distribution of Bcl-2 immunoreactive microglia under ether anesthesia otherwise as described above. The animals throughout the region of the facial nucleus during the early postnatal were perfused two weeks later, and their brainstems were properiod made it difficult to clearly discriminate Bcl-2 expressing mocessed as above.
toneurons in immunohistochemically stained tissue at this age. Nevertheless, replacement of the bcl-2 gene by lacZ allowed us to make Examination of Motoneurons at the Embryonic Stage E16.5 additional histochemical analysis of the facial nuclei of young mice. To determine the extent of neuronal loss at an early stage of the For histochemical detection of ␤-galactosidase activity, perfusion cell death period, we examined the facial nucleus of embryos recovof the animals was performed with 2% paraformaldehyde in PBS ered at E16.5, considering the plug-date of the mother as day 0.5 (pH 7.8). After removal, brains and DRG were postfixed for 30 min of development. The embryos were rinsed once in phosphate-bufin the same fixative, rinsed in PBS (pH 7.8) prior to cryoprotection, fered-saline (PBS), fixed for 24 hr in PBS containing 4% paraformaland incubated in 30% sucrose in Tris-azide buffer overnight. Subsedehyde, and the head of these mice, including brain and brainstems, quently, 20 m cryostat sections were thawed directly onto prewere processed as described above. 
